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SiderophoreThe peptidic siderophore pyoverdine is the primary iron uptake system of ﬂuorescent pseudomo-
nads, and a virulence factor in the opportunistic pathogen Pseudomonas aeruginosa. Pyoverdine
biogenesis is a co-ordinate process requiring several precursor-generating enzymes and large non-
ribosomal peptide synthetases (NRPSs) in the cytoplasm, followed by extracytoplasmic maturation.
By using cell fractionation, protein–protein interaction, and in vivo labeling assays we obtained evi-
dence that, in P. aeruginosa, pyoverdine NRPSs assemble with precursor-generating enzymes into a
membrane-bound multi-enzymatic complex, for which we propose the name ‘‘siderosome’’. The
pyoverdine biogenetic complex represents a novel example of subcellular compartmentalization
of a secondary metabolic pathway in prokaryotes.
Structured summary of protein interactions:
PvdA and PvdD colocalize by confocal microscopy (View interaction)
PvdA and PvdJ colocalize by confocal microscopy (View interaction)
PvdA physically interacts with PvdJ by two hybrid (View interaction)
PvdA physically interacts with PvdJ and PvdL by pull down (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction synthesized via non-ribosomal synthesis by four non-ribosomalThe yellow–green ﬂuorescent siderophore pyoverdine is the
main iron uptake system of the bacterium Pseudomonas aeruginosa
[1]. In this opportunistic human pathogen, pyoverdine is not only
involved in iron uptake, but also acts as a signal molecule control-
ling the expression of secreted virulence factors, such as proteases
and exotoxin A, through a transmembrane signaling cascade called
surface signaling [2]. Accordingly, pyoverdine is important for P.
aeruginosa pathogenicity in different animal models of infection
[3,4], and has recently been demonstrated as a suitable target for
the development of antivirulence drugs [5].
Due to the role of pyoverdine in P. aeruginosa ecology and path-
ogenicity, nearly all pyoverdine biosynthetic genes have been iden-
tiﬁed and characterized, and a pyoverdine enzymatic pathway has
been proposed [1]. Brieﬂy, pyoverdine synthesis begins in the
cytoplasm where a myristoylated precursor named ferribactin ispeptide synthetases (NRPSs) and at least three accessory enzymes
[1]. Pyoverdine is then exported by an ABC transporter to the per-
iplasm [6], where it is converted to mature pyoverdine through re-
moval of the myristoyl chain by the hydrolase PvdQ [7] and
maturation of the ﬂuorescent chromophore by still-uncharacter-
ized enzymatic steps [6]. Expression of pyoverdine biosynthetic
genes is strictly dependent on intracellular iron levels, so that
pyoverdine production only under conditions of limiting iron [8,9].
Although important advances in the understanding of the pyov-
erdine biosynthetic process have been achieved, some issues still
remain undeﬁned, such as the effectors involved in pyoverdine
maturation and secretion from the periplasm, as well as the spatial
organization of the pyoverdine biosynthesis machinery. We have
previously demonstrated that the accessory enzyme PvdA, respon-
sible for the generation of the pyoverdine precursor hydroxy–orni-
thine, interacts with the cytoplasmic membrane through an N-
terminal hydrophobic region [10]. More recently, such membrane
localization of PvdA has been conﬁrmed using a PvdA–YFP fusion
protein [11]. In P. aeruginosa cells, hydroxy–ornithine is only in-
volved in the synthesis of the siderophore pyoverdine. Since in
neutral aqueous environment hydroxy–ornithine rapidly cyclizes
to 3-amino-1-hydroxy-2-piperidone [12], once synthesized by
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pyoverdine biosynthesis machinery [1].
Here we provide biochemical and molecular evidence that
pyoverdine NRPSs interact and co-localize with PvdA, forming a
membrane-bound multi-enzymatic complex on the cytoplasmic
membrane.Fig. 1. Membrane localization of PvdA in P. aeruginosa cells by immunoelectron
microscopy. Gold-labeled monoclonal antibodies raised against (A) the N-terminal
domain (MAb 8G8D5) or (B) the C-terminal domain (MAb 3H6D12) of PvdA were
used. Scale bars, 0.35 lm (0.25 lm in insets).2. Material and methods
Additional information regarding experimental methods can be
found in Supplementary material.
2.1. Bacterial strains, plasmids and growth conditions
Bacterial strains and plasmids used in this study are listed in Ta-
bles S1 and S2, respectively. P. aeruginosa was grown at 37 C in
deferrated casamino acids (DCAA) medium supplemented or not
with 50 lM FeCl3 as iron-depleted and -replete conditions, respec-
tively [13].
2.2. Construction of recombinant strains and plasmids
Escherichia coliwas routinely used for recombinant DNA manip-
ulations. All primers and restriction sites used for PCR and cloning
are listed in Table S3. Constructs for the two-hybrid assay were
generated according to Karimova et al. [14], by using XbaI as single
enzyme for cloning (Table S3) and by checking the correct direc-
tion of each cloned fragment by restriction analysis. Strains
expressing ﬂuorescent fusion proteins were generated using
pEX19ECFP or pEX19EYFP derivative constructs (Table S2) accord-
ing to a previously described strategy [15]. A detailed description
of the cloning strategies for the generation of recombinant con-
structs is provided in Supplementary material.
2.3. Subcellular fractionation
Membrane and soluble fractions were prepared and checked for
purity as described [8]. The cytoplasmic membrane was isolated by
a modiﬁcation of the Hancock and Nikaido method [16]. Brieﬂy,
outer and cytoplasmic membranes were separated by ultracentri-
fugation in a 30–52–60–70% four-step sucrose gradient for 14 h
at 183,000g. Protein layers at the 30–52 and 60–70 interfaces
were collected as the cytoplasmic and outer membrane protein
fraction, respectively. An additional ultracentrifugation in 20% su-
crose for 1 h at 183,000g was performed to wash each protein
fraction.
2.4. Protein pull-down assay
6His-PvdA was induced in E. coli M15 (pREP4, pLPN1) cells
grown at 37 C in LB medium at OD600 = 0.6 with 1 mM isopro-
pyl—b-D-thiogalactopyranoside (ﬁnal concentration). After 2 h of
growth, cells were recovered by centrifugation and lysed by soni-
cation. 6His–PvdA was partially puriﬁed by incubating cell lysates
with 50 ll of Ni–NTA afﬁnity resin for 4 h at 4 C. After washing
with increasing imidazole concentrations (10–40 mM), PvdA-satu-
rated resin was incubated for 14 h in the presence or in the ab-
sence of pre-ﬁltered (0.2 lm) P. aeruginosa PAO1 cell lysates
from iron-replete or -depleted cells. P. aeruginosa cell lysates were
also incubated with 50 ll of Ni–NTA afﬁnity resin as negative con-
trol. After washing with increasing imidazole concentrations (10–
40 mM), equal volumes of resin for each sample were directly
loaded into 5% polyacrylamide gel to resolve high molecular
weight proteins by SDS–PAGE. Gels were stained with Sypro Ruby
(Bio-Rad).2.5. Two-hybrid assay
Proteins were fused to the two catalytic domains T18 and T25 of
Bordetella pertussis adenylate cyclase using plasmids pUT18 and
pKT25, respectively [14]. After co-transformation of E. coli
BTH101 with the two plasmids expressing the fusion proteins,
selective plates were incubated at 30 C for 48. Five colonies for
each combination were resuspended in 1 ml of M63 medium
[17] and 2-ll samples were spotted onto indicator plates (LB agar
with 40 lg/ml X-Gal) and selective plates (M63 agar with 0.3% lac-
tose] and incubated at 30 C for 36 h and 4 days, respectively. Bac-
terial spots grown on indicator plates were resuspended in 1 ml LB
and 50-ll samples were used for b-galactosidase assay [17].
3. Results and discussion
3.1. Membrane localization of PvdA in P. aeruginosa cells
We have previously shown that the pyoverdine accessory en-
zyme PvdA associates with the cytoplasmic membrane by means
of an N-terminal hydrophobic domain [10]. In order to verify the
in vivo localization of PvdA in P. aeruginosa cells, we performed
immunoelectron microscopy using two different monoclonal anti-
bodies recognizing the N- and C-terminal domains of PvdA. PvdA
was mainly detected close to the cell surface by both antibodies
(Fig. 1), though the antibody raised against C-terminal domain
(MAb 3H6D12) yielded a higher number of immunogold dots than
the antibody against the N-terminal domain (MAb 8G8D5) (Fig. 1).
Given the higher reactivity of the latter antibody in several in vitro
assays [18], these observations suggest that the N-terminus of PvdA
could be poorly accessible for antibody binding in P. aeruginosa cells,
consistent with the membrane-bound state of this domain [10].
3.2. Pyoverdine NRPSs associate with the cytoplasmic membrane
The membrane localization of the accessory enzyme PvdA led
us to investigate whether also pyoverdine NRPS enzymes associate
Fig. 2. Association of pyoverdine NRPSs with the P. aeruginosa cytoplasmic membrane. (A) SDS–PAGE analysis of cytoplasmic membrane proteins in a 12% polyacrylamide gel
(left panel) and of high molecular weight cytoplasmic membrane proteins in a 5% polyacrylamide gel (right panel) from P. aeruginosa PAO1 cells grown to late-exponential
phase in DCAA. The amount of proteins loaded into each lane is indicated. Fe3+ indicates addition (+) or not () of 50 lM FeCl3 to the growth medium. Bands excised from gels
and subjected to MALDI-TOF analysis are indicated with letters corresponding to those reported in Table S4. (B) Twofold serial dilutions starting from an equal volume of
soluble and membrane protein fractions from P. aeruginosa PAO1 cells grown in DCAA were resolved by SDS–PAGE in a 5% polyacrylamide gel. The histograms represent the
average (±S.D.) of quantitative partition (%) from three independent experiments. White histograms, membrane fractions; grey histograms, soluble fractions. Densitometry
was performed using Quantity One software (Bio-Rad).
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molecular weight cytoplasmic membrane proteins from P. aerugin-
osa cells by SDS–PAGE into a low-percentage acrylamide gel. Four
protein bands corresponding to high molecular weight proteins
were detected in cytoplasmic membrane protein fractions from
iron-depleted but not iron-replete cells, showing a migration pro-
ﬁle in SDS–PAGE which was reminiscent of that described for
pyoverdine NRPSs (Fig. 2A) [19]. These proteins were unequivo-
cally identiﬁed, by in-gel trypsin digestion and Matrix-Assisted
Laser Desorption/Ionization Time-of-Flight (MALDI-TOF), as the
NRPSs involved in pyoverdine biosynthesis, i.e. PvdL, PvdI, PvdJ
and PvdD (Table S4). Pyoverdine NRPSs were originally described
as soluble cytoplasmic enzymes [20] and, accordingly, no struc-
tural determinant(s) for membrane localization can be predicted
in their amino acid sequence [21]. In order to verify the actual
distribution of these NRPSs between the cytoplasmic and mem-
brane compartments of P. aeruginosa, cell fractionation experi-
ments were performed. The four NRPSs showed a different
partition between soluble and membrane fractions (Fig. 2B). About
50% of PvdL and PvdI co-sedimented with P. aeruginosa mem-
branes, while about 80% of PvdD and PvdJ were detected in the
soluble fraction. These observations suggest that, although pyover-
dine NRPSs have been described as soluble enzymes, they can also
be detected in association with the P. aeruginosa cytoplasmic
membrane, to a different extent depending on the NRPS.
3.3. PvdA interacts with other pyoverdine biosynthetic enzymes
The ﬁnding that both accessory (PvdA) and NRPS (PvdL, PvdI,
PvdJ and PvdD) enzymes involved in pyoverdine biosynthesis are
able to associate with the cytoplasmic membrane led us to ques-
tion whether these enzymes physically interact with each other
giving rise to a pyoverdine biosynthetic enzyme complex. We
performed a pull-down assay using a recombinant PvdA protein
carrying a 6-His tag fused to its N-terminus (6His–PvdA) as the bait
to capture putative binding partners in protein extracts from P.
aeruginosa PAO1 cells grown under iron-depleted or iron-replete
conditions. Captured proteins were analyzed by SDS–PAGE in a
low-percentage acrylamide gel to resolve high molecular weight
proteins. 6His–PvdA retained on the resin three iron-regulatedproteins showing the typical SDS–PAGE proﬁle of PvdI, PvdL and
PvdJ (Fig. 3A). The correspondence of these proteins with pyover-
dine NRPSs was conﬁrmed by MALDI-TOF analysis. Notably, a
small fraction of PvdI was also retained by the resin in the absence
of 6His-PvdA (Fig. 3A), indicating that PvdI is itself endowed with
high afﬁnity for the Ni–NTA resin. Moreover, the amount of PvdI,
PvdL and PvdJ in the PvdA-retained protein fraction was very low
compared to their levels in the ﬂow-through fraction (Fig. 3A). This
suggests that the interaction between PvdA and pyoverdine NRPSs
is weak and/or transient, as previously proposed for the E. coli en-
zymes responsible for synthesis of the siderophore enterobactin
[22], or that other partners, including the cytoplasmic membrane,
are needed to stabilize the multi-enzymatic complex.
The interaction between PvdA and PvdI, PvdL and PvdJ was ver-
iﬁed using a complementary approach. A two-hybrid assay based
on the reconstitution of the cyclic AMP signal transduction path-
way in an adenylate cyclase-defective E. coli strain was performed,
by fusing putative interacting proteins to the complementary frag-
ments T25 and T18 of the B. pertussis adenylate cyclase catalytic
domain [14]. However, the huge size of pyoverdine NRPSs, ranging
from 245 kDa (PvdJ) to 570 kDa (PvdI), is incompatible with this or
any other kind of two-hybrid system. To overcome this problem,
we took advantage of the modular nature of NRPSs, in which each
module (and each domain within the modules) is expected to con-
stitute an independently-folding unit [23]. Therefore, we tested, in
two different combinations, the interaction between single NRPS
modules involved in pyoverdine biosynthesis and PvdA (Fig. S1).
PvdA was found to interact with the second module of PvdJ
(M2PvdJ; Fig. 3B), which is consistent with the detection of PvdJ
among pyoverdine NRPSs retained by PvdA in the pull-down assay
(Fig. 3A) and with the prediction of M2PvdJ as the module respon-
sible for incorporation of formyl-OHOrn, the synthesis of which is
driven by the combined activity of PvdA and PvdF accessory
enzymes [1]. Besides M2PvdJ, also the fourth module of PvdL
(M4PvdL) showed afﬁnity for PvdA (see the T18-PvdA/T18-M4PvdL
combination in Fig. 3B). However, small differences in color devel-
opment, growth on lactose medium and reporter activity com-
pared to control samples were observed, suggesting weak
interactions between PvdA and M4PvdL. This was also supported
by the absence of any detectable interaction in the complementary
Fig. 3. Physical interaction between pyoverdine biosynthetic enzymes. (A) Protein
pull-down assay using 6His-PvdA as bait. Proteins were resolved by SDS/PAGE in a
5% polyacrylamide gel. Samples are: (1) whole cell extract; (2) ﬂow-through; (3) P.
aeruginosa proteins retained by PvdA-free resin; (4) P. aeruginosa proteins retained
by PvdA-saturated resin; (5) PvdA-saturated resin. Fe3+ indicates addition (+) or not
() of 50 lM FeCl3 to the growth medium. Arrows indicate bands submitted to
MALDI-TOF analysis. The gel is representative of two experiments giving similar
results. (B) Interaction of PvdA with pyoverdine NRPSs in a two-hybrid assay.
Positive interactions were detected on indicator plates (LB agar containing 40 lg/ml
X-Gal) by appearance of blue color after 36 h at 30 C, and conﬁrmed by assessing
the ability to grow on selective plates (M63 agar plus 0.3% lactose) after 4 days at
30 C. Only positive interactions and relative controls are shown. Protein–protein
interactions were quantiﬁed by measuring b-galactosidase activity (lower panel).
Results are the mean (±S.D.) of three independent experiments.
Fig. 4. Co-localization of PvdA and selected pyoverdine NRPSs in vivo. Co-
expression of PvdA–ECFP with either PvdD–EYFP (A) or EYFP–PvdJ (B) in P.
aeruginosa cells grown to mid-exponential phase under iron-depleted conditions.
Images were obtained by confocal laser scanning microscopy (scale bars, 1 lm).
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and the remaining NRPS modules involved in pyoverdine biosyn-
thesis was observed. It is worth noting that the size of the NRPS
modules tested (>110 kDa, Fig. S1) exceed that of interacting pro-
teins usually detected by two-hybrid assays, and this could have
hindered detection of further positive interactions. Moreover, the
use of individual protein domains does not exclude that a negative
result could be due to improper folding and/or instability of inter-
acting partners.
3.4. In vivo co-localization of pyoverdine biosynthetic enzymes
As for other nonribosomal peptides, biosynthesis of the pyover-
dine precursor peptide proceeds through a sequential series of
enzymatic steps that require the physical interaction between dif-
ferent NRPSs, to allow efﬁcient transfer of intermediates during the
biosynthetic process. The cytoplasmic membrane association of
PvdA [10] and, partially, of pyoverdine NRPSs (Fig. 2), and thephysical interaction between PvdA and some NRPPs (Fig. 3), sug-
gest that pyoverdine biosynthesis in P. aeruginosa could imply
the formation of an enzymatic machinery on the cytosolic leaﬂet
of the cytoplasmic membrane. To verify this hypothesis, we per-
formed in vivo co-localization experiments by means of ﬂuores-
cence microscopy. We generated two recombinant P. aeruginosa
PAO1 strains co-expressing chromosomally-encoded protein fu-
sions between PvdA and the enhanced cyan ﬂuorescent protein
(PvdA–ECFP) and PvdJ or PvdD and the enhanced yellow ﬂuores-
cent protein (EYFP–PvdJ or PvdD–EYFP) (Fig. S2). Iron-depleted P.
aeruginosa cells were analyzed by confocal laser scanning micros-
copy to assess the in vivo localization of ECFP- and EYFP-tagged
proteins. The two protein pairs (PvdA–ECFP/EYFP–PvdJ and
PvdA–ECFP/PvdD–EYFP) clearly co-localized in both exponential
and stationary phase cells (Figs. 4 and S3). During early exponen-
tial phase, this protein complex was mainly detected at cell poles
(Fig. 4). Such polar localization was less evident in late exponential
and stationary phase cells, where proteins appeared more homoge-
neously distributed at the cell periphery (Fig. S3). Recently, Guillon
and co-workers reported that a PvdA–YFP fusion protein was
asymmetrically located in clusters at the old cell pole of P. aerugin-
osa cells, and that this spotted localization increased from
mid-exponential to stationary phase of growth [11]. Here, the
three ﬂuorescent fusion proteins showed a different behavior, as
polar distribution of pyoverdine enzymes was more marked in
exponential than stationary phase cells (Figs. 4 and S3), and no
asymmetrical distribution of pyoverdine enzymes between the
old and new poles of dividing cells was observed (Fig. 4). This dif-
ferent behavior can likely be ascribed to the early and high-level
production of pyoverdine and its biosynthetic enzymes under the
strongly iron-limiting conditions of our experimental setting [18].
4. Conclusions
The membrane localization of siderophore biosynthetic en-
zymes was ﬁrst proposed by Earhart and co-workers for the ente-
robactin system of E. coli [22]. Here, we provide biochemical and
microscopic evidence of the physical interaction between pyover-
dine biosynthetic enzymes, resulting in the formation of a multi-
enzymatic complex that prevalently localizes at the periphery of
P. aeruginosa cells, in association with the cytoplasmic membrane.
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the assembly of a membrane-compartmentalized biosynthetic
‘‘siderosome’’, that would favor efﬁcient transfer of precursors
and release of the ﬁnal product to the secretion apparatus. A sim-
ilar membrane compartmentalization has previously been shown
for the NRPS/polyketide synthase enzymatic complex involved in
biogenesis of the antibiotic bacillaene in Bacillus subtilis [24]. More
recently, two cytoplasmic membrane-spanning proteins were
found to be responsible for prodrug activation of the nonribosomal
antibiotics colibactin and xenocoumacin in E. coli and Xenorhabdus
nematophila, respectively [25,26]. The ﬁnding that such a cytoplas-
mic membrane compartmentalization is also characteristic of the
siderophore biogenetic machinery suggests that membrane-local-
ized biogenesis and/or activation of nonribosomal peptides is a
conserved bacterial strategy aimed at coupling biosynthesis with
secretion, thereby avoiding cytoplasmic accumulation of poten-
tially toxic molecules, such as antibiotics and siderophores.
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